The objective of this study was to investigate the influence of a high-sodium, high-protein diet on bone metabolism in postmenopausal women (aged 49-60 y) stratified by hormone replacement therapy (HRT) use. In a crossover trial, 18 women (n ¼ 8 HRT users ( þ HRT) and n ¼ 10 nonusers (ÀHRT)) were randomly assigned to a diet high in protein (90 g/day) and sodium (180 mmol/day) (calciuric diet) or a diet moderate in protein (70 g/day) and low in sodium (65 mmol/day) for 4 weeks followed by crossover to alternative dietary regimen for a further 4 weeks. The calciuric diet significantly (Po0.05) increased urinary sodium, calcium and nitrogen in both groups. While the calciuric diet increased urinary N-telopeptide crosslinks of collagen (by B25%, P ¼ 0.003) in the ÀHRT group, it had no effect in the þ HRT group. It appears that postmenopausal HRT use attenuates the increase in a marker of bone resorption associated with a calciuric diet.
Introduction
We have recently shown that a calciuric diet (ie, a diet high in sodium (Na) and protein) increased urinary type I collagen crosslinked N-telopeptides (NTx) excretion in postmenopausal women (not receiving hormone replacement therapy (HRT), and stratified by vitamin D receptor genotype) as a consequence of poor adaptation to the increased urinary Ca loss (Harrington et al, 2004) . Similarly, increasing Na intake has been shown to significantly increase biomarkers of bone resorption in some (Evans et al, 1997; Sellmeyer et al, 2002) , but not all studies of postmenopausal women (Lietz et al, 1997) . There has only been one study of the effect of increasing protein intake on biomarkers of bone metabolism in postmenopausal women, and this study reported a lack of effect (Roughead et al, 2003) .
All of the studies to date of the effect of dietary Na and/or protein on markers of postmenopausal bone turnover have been carried out in women who were not receiving HRT, and nonuse of HRT may have influenced their adaptive capacity in responding to the calciuria. Increasing dietary Na intake does not appear to increase the level of markers of bone resorption in oestrogen-replete, premenopausal women (Evans et al, 1997; Ginty et al, 1998) , despite significantly increasing urinary calcium (Ca) excretion. There has been no study of the impact of HRT use on the response of Ca and bone metabolism to dietary calciuric factors, such as high dietary Na and/or protein.
Thus, the aim of the present study was to investigate the effect of a high-Na, high-protein (ie, a calciuric) diet on urinary Ca excretion and biomarkers of Ca and bone metabolism in postmenopausal women stratified by HRT use.
Methods

Subjects
In all, 20 free-living postmenopausal women (10 women receiving HRT ( þ HRT) and 10 women not receiving HRT (ÀHRT); mean age 54.5 (range 49À60) y) were recruited in the Cork region. The mean height, weight, body mass index (BMI), and number of years of postmenopause for both groups (ie, þ HRT and ÀHRT) are provided in Table 1 . The subjects were apparently healthy, without any history of bone or articular disease, and with no intake of medicine that could affect bone or cartilage metabolism.
Ethical considerations
Before participation in this study, all subjects signed an informed consent document approved by the Clinical Research Ethics Committee of the Cork Teaching Hospitals.
Design
The randomized crossover trial was designed in two successive dietary periods, each of 4 weeks. Women in the þ HRT and ÀHRT groups were randomly assigned to the calciuric diet (ie, high in Na (180 mmol/day) and protein (90 g/day)) or the basal diet (ie, adequate in protein (70 g/ day) and low in Na (65 mmol/day)) for 4 weeks, followed by crossover to the alternative dietary regimen for a further 4 weeks. Information on the calciuric diet as well as the methodology for assessment of urinary NTx, Ca, Na, potassium (K), nitrogen (N), serum bone-specific alkaline phosphatase, osteocalcin, 25-hydroxyvitamin D (25 OH D 3 ) or 1,25-dihydroxyvitamin D (1,25 (OH) 2 D 3 ) and plasma parathyroid hormone (PTH) levels are described in detail elsewhere (Harrington et al, 2004) .
Statistical analysis
Within-group analyses of indices of bone turnover and urinary minerals (comparing basal to calciuric diet in each group) were performed using paired Student's t-tests on the mean values at the end of each dietary period. Unpaired Student's t-tests of the differences between the low-Na, moderate-protein and high-Na, high-protein diets were used to investigate any differences between the þ HRT and ÀHRT groups with respect to the indices of bone turnover and urinary minerals.
Results
Of the 20 women recruited onto the study, 18 completed both dietary regimens. Two women in the þ HRT group withdrew, one due to nausea from the NaCl on the high-Na, high-protein diet; the other due to an unrelated illness during the study period. There were no significant differences between the two diets in either group for mean urinary Table 2 Urinary and serum biochemical variables in apparently healthy postmenopausal women stratified by HRT use during low-Na (65 mmol/day), moderate-protein (70 g/day) and high-Na (180 mmol/day), high-protein (90 g/day) dietary periods a (mean values with their standard deviations)
Low-Na, moderate-prot High-Na, high-prot Low-Na, moderate-prot High-Na, high-prot (Table 2 ). Compared to the basal diet, significant increases were observed on the calciuric diet for mean urinary Na, Ca, and N in both groups, which were of a similar magnitude (Table 2 ). Urinary excretion of NTx was significantly (P ¼ 0.003) higher in subjects in the ÀHRT group, but not in the þ HRT group, when consuming the calciuric diet, compared to the basal diet ( Table 2) . The difference between the groups in the response of urinary NTx to this calciuric diet was significant (P ¼ 0.001).
Discussion
In the present study, the average increase in urinary Ca in response to increased dietary Na and protein in postmenopausal women was 0. 89 and 1.21 mmol/day, for women in the ÀHRT and þ HRT groups, respectively. It is well established that increasing dietary Na intake within the usual range of dietary intakes increases urinary Ca excretion (Shortt & Flynn, 1990; Ginty et al, 1998; Cashman & Flynn, 2003) . There is also considerable evidence that increasing dietary protein intake within the usual range of dietary intakes increases urinary Ca excretion (for a review, see Heaney, 1993) . To place the Na/protein-induced calciuria observed in the present study in the context of bone health, it has been estimated that a net deficit of only 1 mmol/day of Ca would result in losing one-third of the Ca contained in the typical adult skeleton in just over two decades unless a compensatory increase in the efficiency of intestinal Ca absorption and/or decrease in endogenous loss of Ca occurred (Shortt & Flynn, 1990; Sellmeyer et al, 2002) . Urinary NTx excretion was about 25% higher in postmenopausal women in the ÀHRT group when consuming the calciuric diet compared to basal diet, whereas there was no change in urinary NTx in women in the þ HRT group. While there are no comparable human data in the literature on the combined effect of increased Na and protein intake on markers of bone resorption in postmenopausal women on HRT, we have recently reported a comparable increase in urinary NTx/creatinine levels (B19%) in response to increased dietary Na and protein in postmenopausal women not taking HRT (Harrington et al, 2004) . In addition, increased Na intake has been reported to increase markers of bone resorption (urinary DPD (Evans et al, 1997) and NTx (Sellmeyer et al, 2002) ) in two out of the three published crossover intervention studies in postmenopausal women not receiving HRT (Evans et al, 1997; Lietz et al, 1997; Sellmeyer et al, 2002 ; for a review, see Cashman & Flynn, 2003) . On the other hand, Roughead et al (2003) , in the only study that investigated the effect of increased protein intake (as meat) over 28 days in postmenopausal women, reported a lack of effect on biomarkers of bone metabolism.
The calciuric diet in the present study had no effect on serum osteocalcin or bone-specific alkaline phosphatase levels in either group. This lack of effect could possibly be due to their relative short duration since bone formation, although coupled to resorption, is separated in time by approximately 6 weeks (Eriksen et al, 1984) .
This increased rate of bone resorption observed in postmenopausal women not taking HRT in the present study may be as a consequence of a lack of, or an incomplete, intestinal adaptation to the Na/protein-induced calciuria. For example, Breslau et al (1985) found no increase in intestinal Ca absorption in seven osteoporotic postmenopausal women when Na intake was increased from 10 to 250 mmol/day while dietary Ca was maintained at 400 mg/ day. On the other hand, the women receiving HRT may have been better able to adapt to the increased urinary Ca loss by an upregulation of intestinal Ca absorption, facilitated by their more replete oestrogen status. For example, Breslau et al (1982) reported that in oestrogen-replete, young women and young men, Na-induced renal hypercalciuria was accompanied by enhanced Ca absorption. An increased capacity for adaptation at the intestine in response to calciuria has been suggested as the mechanism by which increased Na does not increase the rate of bone resorption in premenopausal women (Evans et al, 1997; Ginty et al, 1998) . Although not examined, the efficiency of intestinal Ca absorption may have been higher in the women receiving HRT in the present study. Several studies, but not all, suggest that HRT enhanced intestinal Ca absorption postmenopause (Gallagher et al, 1980 , and see review by Nieves et al, 1998) . However, it should be noted that there was no effect of the calciuric diet on serum 1,25 (OH) 2 D 3 , a mediator of Ca absorption in either group of women. Therefore, the impact of HRT use on the response of Ca absorption to dietary calciuric factors needs further investigation.
In conclusion, the effect of the calciuric diet on a biochemical marker of bone resorption in postmenopasual women not receiving HRT in the present study suggests that the Na-and protein-induced urinary Ca loss is compensated for, at least in part, by increased bone resorption, whereas use of HRT appeared to protect against this calciuria-induced increase in bone resorption. Thus, it may be prudent to recommend moderate protein and Na intake for postmenopausal women, particularly those not receiving HRT.
